Rigorous behavioral studies made in human subjects have shown that small-39 eccentricity target displacements are associated with increased saccadic reaction 40 times, but the reasons for this remain unclear. Before characterizing the 41 neurophysiological foundations underlying this relationship between the spatial and 42 temporal aspects of saccades, we tested the triggering of small saccades in the male 43 rhesus macaque monkey. We also compared our results to those obtained in human 44 subjects, both from the existing literature and through our own additional 45 measurements. Using a variety of behavioral tasks exercising visual and non-visual 46 guidance of small saccades, we found that small saccades consistently require more 47 time than larger saccades to be triggered in the non-human primate, even in the 48 absence of any visual guidance and when valid advance information about the 49 saccade landing position is available. We also found a strong asymmetry in the 50 reaction times of small upward versus downward visually-guided saccades, similar to 51 larger saccades, a phenomenon that has not been described before for small 52 saccades, even in humans. Following the suggestion that an eye movement is not 53 initiated as long as the visuo-oculomotor system is within a state of balance, in which 54
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opposing commands counterbalance each other, we propose that the longer reaction 55
times are a signature of enhanced times needed to create the symmetry-breaking 56 condition that puts downstream premotor neurons into a push-pull regime necessary 57
for rotating the eyeballs. Our results provide an important catalog of non-human 58 primate oculomotor capabilities on the miniature scale, allowing concrete predictions 59 on underlying neurophysiological mechanisms. 60 61 62 Introduction 68
The sudden appearance of a visual target is most of the time followed by a saccadic 69 movement of the eyes. In non-pathological conditions, this movement brings the 70 image of the target within the central visual field. During the subsequent fixation, 71 small saccades can still be triggered, even though the target location in space has 72 not changed. In the majority of studies using monkeys as behavioral research 73 subjects, so-called computer-controlled "fixation windows" are used to make sure that 74 the animal effectively looks at the fixated target and not elsewhere. Such windows 75
can constrain the range of saccade sizes that the monkey is allowed to make during 76 fixation. If the extent of the window is very small, then the propensity to generate 77 saccades bringing gaze direction outside its boundaries will inevitably be reduced. 78
However, the generation of fixational saccades in the monkey is not a mere function 79 of computer-controlled constraints on fixation accuracy. Their amplitude remains 80 small even when large fixation windows are used (e.g. Guerrasio et al. 2010) . 81
Moreover, high acuity visual tasks often require that small saccades are directed in 82 highly precise manners, and monkeys can make microsaccades that accurately and 83 consistently orient a restricted zone of their retina toward the location of tiny visual 84 spots (Tian et al. 2018; 2016) . Another aspect that influences the generation of 85 "fixational" saccades is the target size. Minuscule targets indeed elicit saccades 86 whose range of amplitudes is smaller than larger targets (Goffart et al. 2012) . 87 88 Besides these spatial aspects, there are also temporal aspects, such as variabilities 89 in the timing of saccade generation. From the excitation of ganglion cells in the retina 90 to the recruitment of motor neurons and the contraction of extraocular muscles, 91 action potentials are transmitted through several relays in the cerebrum (thalamus, 92 cerebral cortex, superior colliculus, and reticular formation). The latency of saccades 93 reflects the time (duration) taken by the action potentials to recruit a sufficient number 94 of neurons to contract the agonist muscles while relaxing the antagonist ones, and 95 rotate the eyeballs. Thus, any lesion that compromises the visuomotor transmission 96 leads to increasing the oculomotor reaction time. All other things being kept equal, 97 the visuomotor delay in humans depends upon the eccentricity of the target in the 98 visual field (Kalesnykas and Hallett 1996; 1994; Wyman and Steinman 1973) insofar 99 as the latency of saccades towards foveal targets is much longer than other 100 saccades. However, since these observations were made, it was not entirely clear 101 whether the origin of these longer latencies was visual or motor in origin. Later 102 experiments testing saccades towards auditory targets (Zambarbieri et al. 1995) or 103 gaze shifts that were rendered dysmetric by a cerebellar pharmacological 104 perturbation (Goffart and Pelisson 1997) suggested that the dependency was motor-105 related: the smaller the saccade, the longer the time to initiate it. We hypothesize that 106 this effect is related to a recent proposal that gaze direction is an equilibrium, and 107 that an eye movement (saccadic or slow) is not initiated as long as the visuo-108 oculomotor system is within a mode where opposing commands counterbalance 109 each other (Goffart 2019 
Animal preparation 148
We collected behavioral data from 2 adult, male rhesus macaques (Macaca Mulatta). 149
Monkeys M and N (aged 7 and 10 years, and weighing 8 and 11.5 kg, respectively) 150
were implanted with a scleral search coil to allow measuring eye movements using 151 the electromagnetic induction technique (Fuchs and Robinson 1966; Judge et al. 152 1980) . The monkeys were also implanted with a head holder to stabilize their head 153
during the experiments, with details on all implant surgeries provided earlier (Chen 154 and Hafed 2013; Skinner et al. 2019). They were part of a larger neurophysiology 155 project beyond the scope of the current manuscript. 156 157
Monkey behavioral tasks 158
The monkeys were trained to perform a visually-guided saccade task. Each trial 159 started with the presentation of a central white fixation spot (86 cd/m 2 ) over a uniform 160 gray background (29.7 cd/m 2 ). The fixation spot was a square of 5.3 x 5.3 min arc 161 dimensions. After 300-900 ms of fixation (i.e. maintaining eye position within a 162 prescribed distance from the spot; see below), the fixation spot was jumped to a new 163 location, instructing the monkeys to generate a visually-guided saccade to follow the 164 spot. The size of the jump was varied randomly across trials. Target locations were 165 chosen from among 96 predefined possibilities, as follows: the target could jump by a 166 distance of 0.06, 0.1, 0.2, 0.3, 0.5, 0.7, 1, 1.5, 2, 3, 5, or 10 deg in either the 167 horizontal or vertical dimension, or both simultaneously. Moreover, the jump could be 168 positive (i.e. rightward or upward) or negative (i.e. leftward or downward) from display 169 center. Therefore, we sampled horizontal, vertical, and diagonal target locations of 170 different eccentricities, with denser sampling for foveal locations. If the monkeys 171 fixated the new spot location within 500 ms after it had jumped, and held their eye 172 position there for another approximately 300 ms, they were rewarded with liquid 173 reward. 174
175
We controlled the monkeys' fluid reward system in real-time by employing a virtual, 176 computer-controlled window around target location. If eye position entered the virtual 177 window within the prescribed "grace" period, a reward was triggered. Otherwise, the 178 trial was aborted, and a new trial was initiated. Our virtual "target windows" across 179 trials had radii of 2-2.5 deg. Note that a radius of 2-2.5 deg was still employed even 180 for foveal target locations of smaller eccentricities. This means that for such small 181 target eccentricities, we exploited the natural tendency of the monkeys to perform the 182 task without any computer monitoring to ensure that they generated the required 183 saccades. This was not a problem at all, because after the monkeys were trained on 184 the task with eccentricities of 5 deg and higher, they very naturally generalized their 185 trained rule when tested on smaller target eccentricities. This was also the case in 186 more complicated variants of the task (Willeke et al. 2019), and it was also consistent 187 with human results (e.g. see Fig. 9 ). We felt that this approach of large virtual target 188 windows was better than the alternative of enforcing tiny target windows, because in 189 the latter case, any potential increases in reaction times of saccades could have 190 been interpreted as being the consequence of increased task difficulty. 191
192
We analyzed a total of 928 trials from monkey M in this task, and 1246 trials from 193 monkey N. 194
195
We also analyzed delayed, visually-guided saccades and memory-guided saccades 196 made by the same two monkeys. These data were collected during an earlier 197 experiment, with detailed methods described elsewhere (Willeke et al. 2019). The 198 purpose of the present re-analysis was to explore saccade latency as a function of 199 target eccentricity, and to examine how this relationship might be affected by task 200 instruction. We also wanted to directly compare results from the same animals used 201 in the (immediate) visually-guided saccade experiments described above. Briefly, the 202 delayed saccade task was similar to the (immediate) visually-guided saccade task 203 described above, except that there was a time interval during which the fixation spot 204 remained visible when the saccade target was visible. The presence of the central 205 spot instructed the monkeys to maintain fixation, despite the presence of the 206 peripheral target. When the fixation spot disappeared, the monkeys could make the 207 saccade to the peripheral target. This task allowed us to investigate whether 208 increased saccadic latencies for small target eccentricities (see Results) were 209 necessarily linked to sudden visual onsets in the (immediate) visually-guided 210 saccade task. 211
212
The memory-guided saccade task was similar to the delayed, visually-guided 213 saccade task, except that the target duration was brief (duration: 58 ms). Thus, 214
practically the entire delay period (300-1100 ms after the target flash) had only the 215 fixation spot visible. When the fixation spot disappeared, the monkeys generated an 216 eye movement to the remembered location of the earlier target flash. This task was 217 useful to dissociate increased reaction times for small target eccentricities from the 218 presence of a visual target. 219
220
In all tasks, we started out with the monkeys already being experts in oculomotor 221 tasks requiring fixation of a small target (similar to author ZH in Fig. 9 ). The monkeys 222
were used in earlier studies demonstrating their level of precision in eye movement the present study, we could not characterize learning processes. What we can say, 226 however, is that when the monkeys were completely naïve, we first showed them 227 similarly sized small fixation spots and they naturally fixated them to a precision 228 significantly higher than that required by computer-controlled virtual windows. The 229 quality of their fixation therefore started out being good, and improved fairly quickly 230 within a matter of a few trials within a single session. 231 232
Human behavioral tasks 233
For supporting comparisons of the results from our monkeys in the (immediate) 234 visually-guided saccade task to those reported in the literature on human subjects 235 (e.g. Kalesnykas and Hallett 1996; 1994; Wyman and Steinman 1973), we ran one 236 human subject (author ZH) on the same task as that performed by our two expert 237 monkeys (see Fig. 9 ). We analyzed 1966 trials from this subject. In separate 238 sessions, we then ran a variant of the same task, but the fixation spot now remained 239 visible after target jump. The subjects' task was to maintain fixation and press a 240 button (with the right thumb) as quickly as possible after target onset. The goal was 241 to measure manual reaction times for perceptual detections not requiring an eye 242 movement. This allowed us to compare and contrast manual reaction times to 243 saccadic reaction times from the original variant of the task. We analyzed 1924 from 244 the same subject in this task variant. 245
246
Because we were particularly interested in the monkey memory-guided saccade 247 reaction time results as a function of target eccentricity (see Results below), we 248 decided to explore their generalizability to human memory-guided saccades, an 249 aspect that was not well-explored in the existing human saccade literature so far. 250
Therefore, we re-analyzed human data that we had collected earlier (Willeke et al. 251
2019) with the same task. Briefly, the human subjects made the same memory-252 guided saccade task with target locations being chosen randomly across trials from 253 among 480 possibilities, with heavy sampling of small eccentricities. 254
255

Behavioral analyses 256
We detected saccades and microsaccades using established methods reported 257 elsewhere (Bellet et al. 2019; Chen and Hafed 2013). We manually inspected each 258 trial to correct for false alarms or misses by the automatic algorithms, which were 259 rare. We also marked blinks or noise artifacts for later removal. 260
261
In the (immediate) visually-guided saccade task, we analyzed the saccade that was 262 triggered after the target jump. We excluded all trials in which there was a blink within 263 +/-100 ms from target jump, since this could impair visual detection of the jump. We 264 also excluded all trials in which a microsaccade occurred within the period from -100 265 ms to 60 ms relative to target jump occurrence. Our reason was that microsaccades 266 around stimulus onset reduces target visibility and increases reaction time we interchangeably refer to the time interval between target jump and saccade onset 271 as the "saccadic latency" or the "saccadic reaction time"). When plotting reaction time 272 as a function of target eccentricity or direction, or both, we binned nearby 273 eccentricities appropriately, and we only showed summary measurements (e.g. 274 mean and s.e.m.) if each bin contained at least five measurements. We also only 275 included bins if the measurements had movements with direction error relative to the 276 target (defined as the difference in the angular direction of a saccade relative to the 277 angular direction of the target displacement vector) of less than 45 deg (this was the 278 great majority of data; e.g. Fig. 8 in Results). 279
280
For the re-analysis of the delayed, visually-guided and memory-guided saccade data 281 of (Willeke et al. 2019), we used similar procedures to those described above. Since 282 the sampling of target locations in these tasks was slightly different from that 283 performed in the present experiments (for the visually-guided saccade task), we 284 adjusted the binning windows accordingly, and we only included any measurement 285 bins in which there were at least 7 saccades per bin. We also accepted as a 286 minimum reaction time 100 ms instead of 70 ms, since we observed that reaction 287 times in these "delayed" types of saccade tasks were generally longer than in the 288 immediate visually-guided saccade task. 289
290
For the re-analysis of the human memory-guided saccade data of (Willeke et al. 291
2019), we again used similar procedures. Like in the monkey memory-guided 292 saccade task, we considered a minimum reaction time of 100 ms. In reality, this was 293 conservative, since the human reaction times were significantly longer, in general, 294 than those of the monkeys in the same task (as described in Results and also in 295 For the visually-guided saccade task, we also plotted saccade amplitude and 298 direction error as a function of target eccentricity, using similar binning procedures to 299 those described above. 300
301
In all analyses, we were interested in comparing upward and downward saccades, 302 since eye-movement related structures like the superior colliculus (SC) represent 303 them differently (Hafed and Chen 2016). We therefore divided trials according to 304 whether the target location was downward (one group) or purely horizontal and 305 upward (another group). 306
Statistical analyses 308
Our purpose in the present study was to document patterns of rhesus macaque 
Monkeys exhibit increased saccadic reaction times for foveal target eccentricities 322
Our goal was to document the saccadic reaction times of rhesus macaque monkeys 323 when target displacements are small. We were motivated by the fact that in humans, 324 it is known that small-eccentricity target displacements are associated with increased 1a) or when it was much larger (Fig. 1b) . In both cases, the target displacement was 329 to the right of central fixation, and we plotted horizontal eye position as well as radial 330 eye velocity in the interval around target jump (labeled target onset in the figure). In 331 both cases, a saccade was made to the target, which scaled appropriately in size 332 with target eccentricity (also see Fig. 8 in a later section of Results). However, when 333 the target eccentricity was small ( Fig. 1a ), the small saccades had significantly longer 334 reaction times than the big saccades generated when the target eccentricity was 335 large (Fig. 1b ). This is illustrated in Fig. 1 associated with another increase in saccadic reaction times, albeit not as strong as 369 that for the foveal target eccentricities. This strong increase for the foveal targets is 370 more vivid in the middle panel of Fig. 2a , zooming in on only the central 1.5 deg of 371 target eccentricities. Similarly, the rightmost panel of Fig. 2a plots the same data as 372 in the leftmost panel but now on a logarithmic eccentricity scale, again demonstrating 373 the longer saccadic reaction times associated with small target eccentricities. Similar 374 results were obtained in monkey N, except that this monkey showed an even more 375 dramatic increase in reaction times for foveal target eccentricities (from a minimum 376 mean reaction time of <150 ms to a peak of approximately 300 ms). Therefore, 377 across all target locations and eccentricities that we measured, there was a clear and 378 consistent increase in saccadic reaction times of the two monkeys for foveal targets. 379
There was another increase in reaction times, albeit weaker, for large target 380 eccentricities, as also observed in human subjects (Kalesnykas and Hallett 1996; 381 1994) . 382
383
We also inspected raw reaction time distributions to confirm that our method for 384 accepting successful trials during the experiments did not artificially penalize specific 385 ranges of reaction times. Specifically, our monkeys were rewarded based on the use 386 of virtual, computer-controlled windows surrounding target location. If the eye 387 position was not inside the virtual target window within 500 ms from target onset on a 388
given trial (Methods), then the trial was aborted and the monkey was not rewarded. It 389 is therefore conceivable (although unlikely; Methods) that we artificially truncated 390 reaction time distributions at 500 ms, especially for target eccentricities showing 391 increased reaction times (Fig. 2) . However, this was not the case. For example, the 392 top panels of Fig. 3a, b show the raw reaction time distributions of our two monkeys 393 when foveal target eccentricities of 12-36 min arc were tested. The distributions were 394 not truncated at 500 ms, suggesting that the monkeys were able to generate visually-395 guided saccades to these foveal targets within the prescribed "grace" period of 500 396 ms. Similarly, the bottom panels of Fig. 3a , b demonstrate that for another range of 397 target eccentricities in which reaction times increased (Fig. 2) , the increase was 398 again not affected by the truncation at 500 ms forced by our grace period. 
411
There was an even stronger increase in reaction times for foveal target eccentricities. n=1246 trials. Specifically, it was not known so far whether differences in saccadic reaction times 438 between upper and lower visual field target locations also occur for very small eye 439 movements. For the same data as in Fig. 2 , we divided trials according to whether 440 the target was in the lower visual field (Fig. 4a, c ; red) or whether it was along the 441 horizontal meridian or in the upper visual field (Fig. 4a, c; blue) . Using the same 442 formatting conventions as in Fig. 2 , we found that there was, essentially, a global 443 upward shift in the relationship between saccadic reaction time and target 444 eccentricity for targets in the lower visual field. That is, the reaction time increase 445 associated with lower visual field target locations also happened for tiny foveal 446 eccentricities (middle panels in Fig. 4a, c) . Moreover, this effect was not restricted to 447 cardinal target/saccade directions. For example, in Fig. 4b, d , we plotted, for each 448 monkey, the saccadic reaction time as a function of two-dimensional target location. 449
We plotted target location bins on a log-polar axis (Hafed and Krauzlis 2012), in order 450 to cover the large span of eccentricities tested, and we color-coded each binned 451 target location (z-axis) with the mean saccadic reaction time for that location. In both 452 monkeys, the same general dependence of saccadic reaction time on target 453 eccentricity (Figs. 2, 3, 4a , c) occurred for all target directions. That is, foveal 454 locations had the longest reaction times; there was a minimum of reaction times at 455 intermediate eccentricities; and there was then a more modest increase in reaction 456 times once again for larger eccentricities. Moreover, lower visual field locations 457 (including foveal ones) were associated with the longest reaction times (also see Fig.  458 9 for a human replication of all of these observations). showed that the latencies of gaze shifts increase for the smallest gaze 492 displacements, and not for the smallest target eccentricities (Goffart and Pelisson 493 1997; Zambarbieri et al. 1995) , corroborating the view that saccadic initiation is 494 dependent upon signals related to the impending movement rather than incoming 495 signals from the retina. To test this, we ran our monkeys on a delayed saccade task. 496
In this task, the target remained persistent while the fixation spot was visible. Only 497 when the fixation spot was removed were the monkeys allowed to make the saccade 498 (Methods). 499
500
We found a similar increase in reaction time in the delayed condition as in the 501 immediate visually-guided saccade task for small target eccentricities. This happened 502 even though the target was persistent, and the instruction to trigger the saccade was 503 the offset of a fixation spot instead of the onset of the target. The task also had 504 temporal expectation inherently built into it, since the longer the delay period was, the 505 more likely it was that the "go" signal for the saccade was to come; there was also 506 sufficient time with short delay periods to plan a saccade. Figure 5 plots reaction time 507 data from this task in a format identical to that in Fig. 4 for both monkeys. The same 508 general pattern of results was observed. Namely, small, foveal target eccentricities 509
were associated with the longest reaction times, and lower visual field locations were 510 also associated with long reaction times when compared to horizontal and upper 511 visual field locations. 512 513 An interesting difference that emerged in this condition relative to the (immediate) 514 visually-guided saccade condition was the behavior of saccadic reaction times for 515 large eccentricities (e.g. >10 deg). In this variant of the task, the increase in saccadic 516 reaction times with increasing target eccentricities was less consistent than with the 517 (immediate) visually-guided saccade task (Figs. 2-4) . Instead, lower visual field 518 targets of intermediate eccentricities (e.g. between ~4 and 10 deg) exhibited a small 519 increase in reaction time relative to larger target eccentricities (and upper visual field 520 target locations). Thus, even though knowledge of target location and expectation to 521 generate a saccade altered the detailed patterns of saccadic reaction times for extra-522 foveal target locations, the same increases in reaction times for foveal targets were 523 evident in this task just like in the (immediate) visually-guided saccade task. Fig. 4a for monkey M, but now during the delayed, 529 visually-guided saccade task. As in the (immediate) visually-guided saccade task, small saccades had 530 increased reaction times compared to larger saccades. Also like in the visually-guided saccade task, 531 upper visual field targets were associated with faster reaction times than lower visual field targets.
532
However, an increase in reaction times for large target eccentricities was less clear here than in the 533 (immediate) visually-guided saccade task. Instead, downward targets of intermediate eccentricities (e.g. 2019). We found similar increases in saccadic reaction times for foveal target 548 eccentricities ( Fig. 6 ; formatted identically to Figs. 4, 5) . Interestingly, for foveal target 549 eccentricities (middle panels of Fig. 6a, c) , there was no clear difference in reaction 550 times between locations in the upper and lower visual fields, unlike when there was a 551 visual stimulus as the target for the saccade (Figs. 4, 5) . Thus, even with memory-552 guided "microsaccades" (Willeke et al. 2019), there was an increase in saccadic 553 reaction times, although the presence or absence of a visual target could alter the 554 detailed properties of such an increase. It is also worth noting that the reaction time 555 in this condition did not increase for larger eccentricities as in the (immediate) 556 visually-guided saccade task. Instead, and as in the delayed, visually-guided 557 saccade task, it was specifically the lower visual field saccades for intermediate 558 eccentricities that seemed to increase. Intrigued by the results documented in Fig. 6 , we sought to test whether similar 577 observations could also be made in human subjects. We had human subjects 578 perform the same task as the monkeys (Willeke et al. 2019) and found very similar 579 results (Fig. 7) . Small memory-guided "microsaccades" (Willeke et al. 2019) were 580 associated with the longest reaction times relative to all other eccentricities, just like 581 in the monkeys. Therefore, in all tasks, small saccades were always associated with 582 the longest latencies, regardless of whether the saccades were reflexive (Figs. 1-4) , 583 delayed (Fig. 5) , or memory-guided (Figs. 6, 7) . Fig. 6 . Similar results to those in the monkeys were obtained. Note that 592 for small amplitudes (middle panel), there was a clearer difference between upward and downward 593 saccades than in the monkeys (Fig. 6) . Thus, the data appeared more similar to those in visually-guided 594 saccades (Fig. 4a, c; middle panels) . (c) The same data but in a format similar to that of Fig. 6b, d,   595 demonstrating that, in humans as well, small memory-guided "microsaccades" in all directions are 596 associated with increased reaction times.
598 599
Small visually-guided saccades show differences in spatial accuracy for upward and 600 downward targets 601
Finally, because of the global changes in reaction times in the (immediate) visually-602 guided saccade task for different visual field locations ( Fig. 4) , we searched for other 603 asymmetries in saccade parameters that also depended on foveal (or extra-foveal) 604 target location. We found that saccade amplitude and direction differentially 605 depended on visual field target location for foveal targets. Specifically, when we 606 plotted saccade amplitude as a function of target eccentricity (Fig. 8a, c) , we found 607 that amplitude scaled nicely with target eccentricity even for foveal target locations, 608 but there was larger overshoot in saccade amplitude for foveal targets in the lower 609 visual field than in the upper visual field or along the horizontal meridian. On the 610 other hand, when we plotted saccade direction error relative to target direction ( Fig.  611 8b, d), we found that the overshooting lower visual field small saccades were more 612 directionally accurate than the saccades to foveal targets in the upper visual field or 613 along the horizontal meridian. Therefore, besides strong increases in reaction times 614 for foveal target eccentricities (Figs. 1-4) , small visually-guided saccades showed 615 differential effects of amplitude versus directional accuracy as a function of target 616 visual field location. These effects of Fig. 8 were not so clearly visible in the other 617 variants of the task, such as the delayed, visually-guided saccade task or the 618 memory-guided saccade task. One interesting aspect of our results is the observation that the reaction times of 670 small upward saccades are shorter than those of small downward saccades (e.g. Fig.  671 4). This was in addition to the observation of increased reaction times in general for 672 small saccades ( Figs. 1-3) . Therefore, not only are foveal targets associated with 673 long saccadic reaction times ( Figs. 1-3) , but longer times are particularly prominent 674 with foveal targets located in the lower visual field (Fig. 4) . Interestingly, in one of 675 their control conditions, Wyman and Steinman (1973) required a small downward 676 saccade, which exhibited prolonged reaction times in humans as well, although this 677 aspect of the data was not explicitly mentioned in that study (see Fig. 9 below for 678 further evidence). These effects are consistent with the asymmetric representations 679 of upper and lower visual fields in the SC, in such a manner that can directly affect 680 saccadic reaction times and landing errors (Hafed and Chen 2016). These effects are 681 also consistent with our theory of gaze direction as an equilibrium insofar as an eye 682 movement is not initiated as long as the visuo-oculomotor system is within a state of 683 700
In our view, the absence of increase in reaction times for large saccades made in the 701 memory-guided task suggests that the increase in the visually-guided task might 702 critically depend on the perceptual detectability of the appearing target. Specifically, 703 we used a small spot as the target in all of our experiments, even for eccentricities of 704 10 or 15 deg. This means that, at these eccentricities, the small spot would be harder 705 to detect than in the foveal or parafoveal regions. Therefore, even without saccadic 706 responses, decreased perceptual detectability at far eccentricities could delay 707 reaction times. We explicitly tested this hypothesis by performing additional 708 experiments with one of us (ZH) being the experienced subject (similar to our two 709 experienced monkey subjects). Specifically, in Fig. 9a , we replicated the findings of 710 human saccadic reaction times as a function of target eccentricity (Kalesnykas and 711 Hallett 1996; 1994). Note how, in addition to the dramatic increase for small 712 saccades, saccadic reaction time increased with increasing target eccentricity for 713 extra-foveal targets (curved black arrow in the figure; similar to our monkeys in Fig.  714 2). Critically, for Fig. 9b , we ran the same subject on a perceptual detection task, in 715 which no saccade was required at all. Instead, the subject had to press a button as 716 soon as the target appeared in the periphery (Methods), and we confirmed that no 717 microsaccades occurred between target onset and button press. Two notable 718 observations are clear from the data. First, there was no increase in reaction times 719 for foveal target eccentricities, suggesting that the increased reaction times of small 720 saccades are specific to the fact that the motor behavior was to generate small 721 saccades. Second, the same increase in reaction times for larger target eccentricities 722 as in Fig. 9a was still evident (curved black arrow). This latter observation is much 723 more obvious when the two curves are superimposed together in Fig. 9c using the 724 same y-axis scaling (but with arbitrary y-axis positioning of the curves due to the 725 different absolute values of saccadic and manual reaction times). As can be seen, 726 both tasks were associated with increased reaction times for peripheral targets, but 727 only the saccadic task was associated with increased reaction times for foveal 728 targets. Therefore, the increases in Fig. 2 and Fig. 9a for large eccentricities were not 729 specific to saccade generation. Interestingly, the human subject also showed the 730 dependence of saccadic reaction times on upper versus lower visual field target 731 locations ( Fig. 9d ) that we observed in our monkeys (Fig. 4 ), but this effect was again 732 specific only to saccade generation (Fig. 9e ). This is consistent with our interpretation 733 above, and elsewhere, that asymmetries in upper and lower visual field 
745
Large saccades also showed a modest reaction time increase (curved black arrow). (b) When the same 746 subject maintained fixation and detected target onset with a speeded manual reaction (button press), 747 reaction times for foveal target eccentricities did not exhibit a strong increase. However, the large target 748 eccentricities had the same manual reaction time increase as in a (curved black arrow). Note that the y-749 axis scale is different from a, visually masking the similarity between the two panels (but see c for a 750 direct comparison). (c) To better show the similarity of reaction time increases for large target 751 eccentricities in saccadic and manual responses, we plotted the same data from a, b using the same y-752 axis scaling (see vertical scale bar) but arbitrary y-axis placement to visually align the two curves. Note 753 how both tasks showed an increase in reaction times for large target eccentricities (black curved arrows), 754 but only saccadic responses showed strong increases for small target eccentricities (gray rectangle).
755
(d) For the same data as in a, we separated upper and lower visual field target locations, as in Fig. 4 .
756
The human subject showed the same effects as our monkeys (Fig. 4) . If perceptual detectability can affect reaction times of large target eccentricities ( Fig.  762 9), we think that equilibrium states in the oculomotor system explain the long reaction 763 times of small saccades. Specifically, evidence from pharmacological inactivation 764 neurons responsible for generating leftward, rightward, upward, and downward 791 saccades. 792
793
If a balance among multiple gaze commands is what maintains gaze stability and 794 increases reaction times for small saccades, then one might wonder how an 795 imbalance may be generated at all during fixation in the first place. In other words, 796 why is reaction time not infinite once balance among competing gaze shift 797 commands is achieved? One possible explanation is behavioral and invokes the slow 798 fixational eye movements that often happen in between saccades. These ocular drifts 799 change the retinotopic location of the fixated object and thus create the imbalance 800 needed to activate the colliculoreticular streams innervating the eye muscles. In fact, 801
we recently found that the generation of tiny microsaccades during fixation is highly 802 consistently associated with small, instantaneous retinotopic gaze position errors, Guerrasio et al. 2010). The fact that the head can also be deviated following a 813 unilateral SC or fastigial lesion indicates that the balancing of activity is a process 814 which is not restricted to the determination of eye gaze direction ; 815 head direction is also an equilibrium. Thus, the proposal has been made that gaze 816 and head movements, instead of reducing putative signals encoding the angular 817 distance between gaze (or head) and target locations in physical space, are separate 818 processes which consist of restoring symmetries (Goffart 2019) . 819 820 An interesting additional consequence of the oculomotor balance idea is that we can 821 predict express, rather than slow, reaction times for small saccades under the right 822 conditions related to instantaneous gaze position error. Indeed, so-called "express 823 The CIN is an Excellence Cluster (EXC307) funded by the Deutsche 840 Forschungsgemeinschaft (DFG). ZMH was also supported by the Hertie Institute for 841
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